Superoxide reductase is a non-heme iron metalloenzyme that detoxifies superoxide anion radicals O 2 •in some microorganisms. Its catalytic mechanism was previously proposed to involve a single ferric iron (hydro)peroxo intermediate, which is protonated to form the reaction product H 2 O 2 . Here we show by pulse radiolysis that the mutation of the well-conserved lysine 48 into isoleucine in the SOR from Desulfovibrio baarsii dramatically affects its reaction with O 2
INTRODUCTION Detoxification of the superoxide anion radical O 2
•is one of the main processes which allows the cells to withstand oxidative stress. 1, 2 Superoxide dismutase (SOD) has long been considered as the sole enzymatic system able to eliminate O 2
•-, by catalyzing its dismutation into H 2 O 2 and O 2 . 3 Recently, however, evidence for the existence of an alternative enzymatic system to detoxify O 2
•was discovered in some specific bacteria. 4 , which can be provided by cellular reductases and/or soluble electron transfer proteins. [6] [7] [8] Although SODs and SORs are structurally unrelated, they are both able to react with O 2
•at a nearly diffusion-controlled rate and SOR has appeared as efficient as SOD to protect cells from O 2
•-induced stress. 6 SORs, also known as desulfoferrodoxin or neelaredoxin, are small iron metalloproteins, which all contain the same active site. [9] [10] [11] [12] It consists of a mononuclear ferrous iron site, in an atypical [FeN 4 S 1 ] coordination, where the nitrogen ligands are provided by four histidine residues and the sulfur ligand, in an axial position, by a cysteine residue. 13, 14 A similar [Fe S 1 N 4 ] coordination is also present in the active site of cytochrome P450, with however the presence of a porphyrin ring instead of histidine ligands. 15 Different classes of SOR have been described, depending on the presence of additional structural domains. [9] [10] [11] [12] The enzyme from Desulfoarculus baarsii presents an additional N-terminal domain which contains a second mononuclear iron center [Fe 3+ (Cys)S 4 ], similar to that found in desulforedoxin. 5, 12, 14 It was recently proposed that this iron center serves as an electron relay between some peculiar electron donor proteins and the active site . 16, 17 The mechanism of the reduction of O 2
•by SOR has been extensively studied by rapid kinetics studies, mainly by means of pulse radiolysis. [18] [19] [20] [21] A first reaction intermediate T1 would be a Fe 3+ -O-O(H) species resulting from an inner-sphere reduction mechanism of O 2
•by the ferrous iron. This is in agreement with the capability of the SOR active site to accommodate Fe 3+ . 26 The intermediate T1 decays through a process ending in the formation and the release of the H 2 O 2 product from the active site. Protonation processes are central in SOR catalysis since two protons, in addition to one electron, are required to form H 2 O 2 from O 2
•-. However, rapid kinetic studies have identified only one catalytic competent protonation step, which is involved in the decay of T1. [18] [19] [20] [21] The rate constant of the decay of T1 in acidic medium is proportional to the concentration of protons in solution, suggesting a direct protonation of T1 by H 3 O + from the bulk solvent. [18] [19] [20] [21] At the end of the reaction, SOR lies in a Fe 3+ hexacoordinated resting state, in which the carboxylate side chain of the E47 residue (according to the numbering of the D. baarsii enzyme) occupies the sixth coordination position. [18] [19] [20] [21] Recently, X-ray structures of iron peroxide species trapped in the active site of the SOR from D. baarsii have suggested a specific role for the lateral chain of the K48 residue in the control of protonation process during SOR catalysis. 25 Actually, K48, a well conserved residue among SORs, is located at the surface of the protein in a conformation depending on the redox state of the active site. 13 In the ferrous state, where its neighbour residue E47 is not bound to iron, K48 is located at about 6 Å from the iron atom. 13 Such close proximity of K48 was proposed to induce an electrostatic attraction of the negative charged O 2
•to the iron site, contributing to the very fast formation of the T1 intermediate. 18, 19 In the ferric state, where E47 becomes a ligand of the iron, K48 moves away from the iron site, at 12 Å distance. 13 In the iron peroxide state, K48 can adopt different conformations around the peroxide moiety. 25 In one conformation, K48, through hydrogen bond, positions a water molecule at a distance compatible with a hydrogen bond to the proximal oxygen of the hydroperoxo species. 25 This suggests a mechanism involving K48 to specifically protonate the proximal oxygen of the iron-hydroperoxo intermediate to generate H 2 O 2 . Interestingly, in cytochrome P450, which also forms an iron-hydroperoxo intermediate during its catalytic cycle, a hydrogen bond network drives the protonation of the distal oxygen of the iron-hydroperoxo species. This facilitates the heterolytic cleavage of the O-O bond of the peroxide, 15 which leads to the formation of a high-valent ironoxo intermediate. The iron-oxo species is responsible for the oxidation of substrates by cytochrome P450. 15 In SOR, K48, by inducing the protonation of the proximal oxygen, might favour the cleavage of the Fe-O bond of the peroxide intermediate to form H 2 O 2 , and thus avoiding formation of iron-oxo species in its active site. 25 However, experimental evidence in support of such a function of K48 in SOR catalysis is lacking. Previous studies on K48 SOR mutants from D. baarsii and D. vulgaris Hildenborough did not reveal any significant alteration of the protonation step observable by pulse radiolysis. 18, 19 Nevertheless, recently, we showed that for the wild-type (wt) SOR from D. baarsii at pH 7.6, the reaction intermediate T1 is highly susceptible to be photodegradated by the intense light beam used in pulse radiolysis experiments below 345 nm. 21 This photochemical process affects the absorption spectrum of a late reaction intermediate, together with the kinetics of its evolution to the final reaction product. 21 Then, the absence of effects of the K48I mutation on the reactivity of SOR with O 2
•described in these studies is questionable and deserves more investigations. These remarks also apply for the E47A SOR mutant from D. baarsii, which was previously reported to have no effects on catalysis. 19 The effects of this mutation also needs re-investigation in the absence of the photochemical process, in particular to allow a better analysis of the specific role of the K48 residue in catalysis. Here, the reactions of the wt, E47A and K48I SORs from D. baarsii with O 2
•were re-investigated by pulse radiolysis at different pHs between 5.5 and 10.2 using a 345 nm cut-off filter on the light beam to avoid any photochemical side reactions. 21 The study reveals that the formation of the first reaction intermediate T1 was not affected by the K48I mutation. However, this mutation drastically impacts the reactivity of SOR towards O 2
•through the control of a specific protonation step of the proximal oxygen of the iron hydroperoxide intermediate to produce H 2 O 2 . These data suggest that in the K48I SOR mutant, a high valent iron-oxo species can be formed in the active site.
EXPERIMENTAL PROCEDURES
Materials. Sodium formate and buffers were of the highest quality available (Prolabo Normatom or Merck Suprapure). Oxygen was from ALPHA GAZ. Its purity was higher than 99.99%. Water was purified using an Elga Maxima system (resistivity 18.2 MΩ). K 2 IrCl 6 was from Strem Chemical Inc. Benzophenone was from Aldrich (99%). Protein purifications. Over-expressions and purifications of the wt, E47A and K48I SOR mutants from D. baarsii were carried out as reported previously. 19, 21 Pulse radiolysis. Pulse radiolysis measurements were performed as described elsewhere. 21 Briefly, free radicals were generated by irradiation of O 2 -saturated ([O 2 ] ≈ 1 mM) aqueous protein solutions (100 µM), in 2 mM buffer, 10 mM sodium formate with 0.2-2 µs pulses of 4.5 MeV electrons at the linear accelerator at the Curie Institute, Orsay, France. O 2
•-, was generated from reduction of O 2 by the carboxyl radical formed during the scavenging by formate of the HO • radical. 27 The doses per pulse were calibrated from the absorption of the thiocyanate radical (SCN) 2 •obtained by radiolysis of 10 mM KSCN in N 2 O-saturated solution (G = 0.55 µmol. J -1 , ε 472 nm = 7580 M -1 cm -1 ). 27 The radiation dose varied linearly with the pulse length, for instance an 0.2 µs long pulse yielded a dose of ca. 5 Gy ([O 2 •-] ≈ 2.8 µM). Reactions were followed spectrophotometrically, using a 150 W continuous Hamamatsu SuperQuiet xenon-mercury arc (310-750 nm) or a tungsten lamp (450-750 nm), at 20 °C in a 2 cm path length fused silica cuvette. A cut-off filter cutting all wavelengths below either 345 nm or below 425 nm was positioned between the lamp and the cuvette. 21 Identical results were obtained with the 345 and the 425 nm filters. The kinetics of the reaction was followed spectrophotometrically between 450 and 700 nm on the microsecond to second time scale. The proteins were present in large excess with regard to O 2
•-, providing pseudo firstorder conditions. Kinetic traces were analyzed using a Levenberg-Marquardt algorithm from the Kaleidagraph ® software package (Synergy Software). pH studies. The following different buffers were used to cover the pH range 5.5 to 10.2: pH 5.5, acetate buffer; pH 5.6, 6.0, 6.5, MES buffer; pH 7.0, bis-Tris propane or HEPES buffer; pH 7.6, 8.1, 8.5, 8.8, Tris-HCl buffer; pH 9.1, 9.5, 10.2, 10.5, glycine-NaOH buffer.
Electrospray ionization mass spectroscopy. Electrospray ionization mass spectra were obtained on a Perkin-Elmer Sciex API III+ triple quadrupole mass spectrometer equipped with a nebulizer-assisted electrospray source operating at atmospheric pressure. Samples were made in 10 mM ammonium acetate. Hydrogen peroxide. Hydrogen peroxide was determined immediately after irradiation using the leuco crystal violet horseradish peroxidase method. 28 Oxidation of 2-cyclohexen-1-ol. In a standard reaction, 0.05 to 5 mM of H 2 O 2 was mixed with 100 µM of SOR, 3 mM 2cyclohexen-1-ol and 0.4 M ethanol, in 10 mM Tris/HCl buffer pH 8.5, 100 µL final volume. The reaction was performed under a 100 % nitrogen atmosphere (inert gloves box system Jacomex), at room temperature. After 2 to 10 min incubation, 10 µL of 0.1 mM benzophenone 99% diluted with dichloromethane was added as a reference. The reaction mixture was then extracted with dichloromethane. The organic phase was concentrated under vacuum until a volume of 5 to 10 µL and injected into the gas chromatography apparatus (GC). The products were identified by comparison of their GC retention times with those of authentic synthetic compounds. For 1,2-epoxycyclohexan-3-ol (the product of 2-cyclohexen-1ol epoxidation) two peaks were detected, corresponding to the two enantiomers syn and anti. The peak of each enantiomer was identified thanks to the synthetic epoxides, which were obtained using peroxy acid, described to form the two enantiomers syn and anti in a ratio of 91:9 syn:anti. 29 The gas chromatography apparatus was a PerkinElmer Autosystem (Optima-17 column, 30 m), connected to a PE Nelson 1022 integrator with flame-ionization detector. The temperature program started at 100 °C for 4 min and then increased 25 °C per min. Computations. Calculations were performed using the Gaus-sian03 package. 30 Geometries were optimized in vacuum with the B3LYP hybrid density functional 31, 32 and using a double-ζ quality basis set using 6-31G* for C, H, N, O and S atoms, while a lanl2dz with ECP, 33 augmented by an f polarization function of exponent 3.25 was used for iron. The model systems were taken from the crystallographic structure of the wt SOR (Protein Data Bank code: 2JI1). 25 To build the systems, only the five amino-acids binding iron were considered, namely H49, H69, H75, H119 and C116. For each amino-acid, only the side chain plus α-carbons were kept and saturated by hydrogens to replace neighbouring N and C atoms of the backbone. During the geometry optimization, Cα were kept fixed at their crystallographic positions, while hydrogens bound to them were free to move only along the Cα-N or Cα-C direction found in the crystallographic structure. By doing so, the arrangement of the active site and the local constraints imposed by the protein structure during geometry optimizations were conserved. Two systems were considered here: the pentacoordinated with iron at a formal oxidation degree of +II (no O 2
•bound), and the hexacoordinated state, with one O 2
•-
bound to the ferrous iron. UV/Visible spectra were obtained by the mean of TD-DFT methodology. 34, 35 Single point calculations were done on the pre-optimized structures at the B3LYP/6-311+G** level of theory, as implemented in the Gaussian package. The effects of the protein environment on the active site were accounted by the mean of the PCM implicit model of solvent 36 with a dielectric constant of 4.0 and an increased probe radius of 2.7 Ǻ, so as to avoid any overpolarization problems due to the presence of diffuse basis functions. For each structure, the twenty transitions of lowest energy were computed (keyword TS=NStates=20).
RESULTS AND DISCUSSION

Formation of the T1 intermediate in the absence of photochemical processes
The reaction of the wt, E47A and K48I SOR mutants from D. baarsii with O 2 •was investigated by pulse radiolysis at different pHs between 5.5 and 10.2. A 345 nm cut-off filter was placed on the analysis light beam to prevent any photochemical reaction. 21 For the three reduced proteins, the reaction conduced to the formation of a first reaction intermediate, named T1, with a rate constant k 1 (Scheme 1), independent of the pH between 5.5 to 10.2 (data not shown). These data are similar to those reported previously in the absence of the 345 nm filter. 19 Formation of T1 corresponded to a bimolecular reaction of SOR with O 2
•with a rate constant k 1 of (1.0 ± 0.2) x 10 9 M -1 s -1 for both the wt and the E47A SORs and of (4.2 ± 0.3) x 10 7 M -1 s -1 for the K48I SOR (data not shown). This latter value is 25 times lower than that reported for the wt protein, in agreement with an electrostatic guidance of O 2
•by the positively charged K48 side chain, as previously reported. 18 The inset shows the time-dependent optical changes at 600 nm during the reaction of the wt and K48I proteins with O 2 •-. The dashed lines were calculated for best fit to an exponential model.
The absorption spectra of T1 at the reaction time corresponding to its maximal formation (100 µs for both wt and E47A SORs and 1.2 ms for the K48I SOR) exhibited a similar broad absorption band centred at 600 nm, with a molar absorption coefficient value of ca. 2.5 mM -1 cm -1 (Figure 1 ). In all cases, T1 spectrum remained unaffected by the pH, between 5.5 and 9.5 (data not shown), as reported previously in the absence of the 345 nm filter. 19 pH dependence of the decay of T1 The decay of T1 (rate constant k 2 , Scheme 1) was independent of the enzyme concentration (data not shown). As shown in Figure 2 , between pH 5.5 to 8, for the three proteins, logk 2 exhibited a linear dependence versus pH, with a slope of 0.50 ± 0.08, 0.60 ± 0.02 and 0.70 ± 0.05 for the wt, E47A and K48I SORs, respectively. 37 These values of slope are consistent with a rate-limiting protonation process in the decays of T1, with a proton coming from the H 3 O + bulk solvent. Above pH 8 and up to pH 10, k 2 became independent of the H + concentration for the wt SOR. Such a pH-independent process was also reported for the enzymes from D. vulgaris and A. fulgidus and was proposed to involve a water molecule in the protonation process in more basic medium. 18, 20 Conversely for the E47A and K48I proteins, k 2 increased slightly with the pH (Figure 2 ). This might reflect some favourable effect of the deprotonation of surrounding residues on that step, or the involvement of HO -. Nevertheless, these data confirm that the E47A and K48I mutations do not impact the kinetics of the decay of T1, which clearly remained in acidic and neutral media associated with a rate-limiting protonation process involving H 3 O + . 
Absorption spectra of the transient P1 and the final species P2
For the wt protein at pH 7.6, the decay of T1 (rate constant k 2 ) was previously shown to result in the formation of a second transient, re-named here P1, which then evolved to the final SOR-Fe 3+ -E47 species, P2 (rate constant k 3 , Scheme 1). The spectra of P1 and of P2 were determined at different pHs be-tween 6 and 9.5 ( Figure 3 ). Since P1 evolved toward the formation of P2 before its maximal formation, the spectrum of P1 was calculated by an extrapolation of the kinetic traces at wavelengths between 500 and 700 nm, using k 2 and k 3 values given in Figures 2 and 4 (see above). The spectrum of P2 was reconstructed from the absorbance value at different wavelengths at the end of the reaction. , generated by pulse radiolysis in the presence of 10 mM formate and 2 mM buffer. A. Spectra of P1 at pH 6.0 and 5 ms after the pulse ( ), pH 8.5 and 50 ms after the pulse (○), pH 9.5 and 60 ms after the pulse (▲). The spectra were calculated from an extrapolation of the decay of T1, using the double exponential fits of the kinetic traces at different wavelengths: A=A 1 exp(-k 2 *t)+A 2 exp(-k 3 *t)+A 3 , where : A, absorbance at time t; A 1 and A 2 , pre-exponential terms which describe the amplitude of each phase associated with k 2 and k 3 , respectively; A 3 , absorbance at the end of the reaction. A 2 +A 3 corresponds to the absorbance of P1 at a specific wavelength. B. Experimental spectra of P2 at pH 6.0 and 40 ms after the pulse (•), pH 7.6 and 70 ms after the pulse (∆), pH 8.5 and 200 ms after the pulse (○), pH 9.5 and 800 ms after the pulse (▲). The inset shows the pH dependence of the absorbance at 660 nm. The titration curve fitted the equation expected from a single protonation process, A 660nm =(A 660max +A 660min x10 (pH-pKa) )/(1+10 (pH-pKa) ). A pK a value of 8.9 ± 0.2 was determined.
As shown in Figure 3 , the absorption spectra of P1 and of P2 varied with pH. For both species, their absorption maxima shifted from 650 nm (pH < 8.5) to 560 nm (pH 9.5) and were superimposable to those reported for the alkaline transition of the SOR ferric active site. 19 The alkaline transition is associated with an acid-base equilibrium between the Fe 3+ -E47 (wt SOR) or the Fe 3+ -OH 2 (E47A mutant) species present in acidic medium (band at 650 nm) and the Fe 3+ -OH species present in more basic medium (band at 560 nm). 19, 38 For P1, taking into account the uncertainty associated with the calculation of its spectrum, in particular at neutral pH (in this pH domain, k 2 and k 3 values were close to each other), a pK a value for the 650-560 nm transition could not be determined accurately. For P2, the 650-560 nm transition appeared to occur with a pK a value of 8.9 ± 0.2 (Inset Figure 3B ), similar to that reported for the SOR ferric active site. 19 These data are fully consistent with the formation of the Fe 3+ -E47/Fe 3+ -OH species at the end of the reaction. Comparison of the spectra of P1 and of the Fe 3+ -E47/Fe 3+ -OH final species at different pHs (Figures 3A and 3B) suggests however that the pK a of the P1 transition is lower than that of P2. The decay of P1 into P2 (rate constant k 3 , Scheme 1) was found to be independent of the enzyme concentration (data not shown). As shown in Figure 4 , the rate constant k 3 varied with pH, with a pKa value of 7.2 ± 0.1. 
P1 as the final species for the E47A SOR mutant
For the E47A mutant, at all the pH investigated between 5.5 and 10.2, the decay of T1 (k 2 ) led directly to the formation of a final species, without evidence of a third reaction step (no k 3 observed). The absorption spectrum of the final species was reconstructed at pH 5.5 and 8.5 and was found to be superimposable to that of the final oxidized E47A mutant at the same pH, with a maximum of absorption shifted from 650 nm at pH 5.5 to 560 nm at pH 8.5 ( Figure 5A) . These spectra appeared similar to those of P1 in the wt protein, taking into account the uncertainty associated with the calculation the spectra of P1 ( Figure 3A) . As shown in Figure 5B , the dependence of the final absorbance at 640 nm on the pH allowed calculating a pK a value of 6.7 ± 0.2 for the transition between the 650 and 560 nm absorbing species. This value is identical to the pK a reported for the similar spectral transition of the E47A SOR ferric site, corresponding to a Fe 3+ -OH 2 / Fe 3+ -OH acid-base equilibrium. 19 Abs 640 nm pH B Figure The titration curve fits the equation expected from a single protonation process, A 640nm = (A 640max + A 640min x 10 (pH-pKa) )/(1 +10 (pH-pKa) ). A pK a value of 6.7 ± 0.2 was determined.
Thus, for this mutant, P1 is identified to the couple Fe 3+ -OH 2 / Fe 3+ -OH (Scheme 1). Since the third reaction (rate constant k 3 ) was specifically abolished by the E47A mutation, the formation of P2 can be associated to the binding of the E47 carboxylate group on P1, displacing the OH/OH 2 ferric iron ligand. The dependence of the rate constant k 3 on the pH (Figure 4 ) most likely reflects a more favourable ligand exchange of the E47 with the -OH 2 species than with the -OH species. Thus, the pK a associated with the rate constant k 3 (P1→P2) can be associated with the Fe 3+ -OH 2 / Fe 3+ -OH acid-base equilibrium on P1 (Scheme 1). Accordingly, its value (7.2 ± 0.1, Figure 4 ) is close to the pK a value determined for the alkaline transition of the ferric E47A SOR mutant (6.7 ±0.2). 19 It should be noted that since k 3 was still observed at pH > 9.5 (Figure 4 ), P1 and P2 species could not be in equilibrium with a same Fe 3+ -OH species (Scheme 1). Thus, although the Fe 3+ -OH species in P1 and P2 exhibit similar absorption spectra, they may not be equivalent, with a slightly different protein environment. Scheme 1 summarizes the reaction mechanism of SOR from D. baarsii, as deduced from pulse radiolysis studies on the wt and E47A proteins in the absence of photochemical process. This reaction scheme appears very similar to that reported for the SORs from A. fulgidus, 20 suggesting, as discussed in previous work, 21 an overall common reaction mechanisms for the different SORs studied so far. It is important to underline that according to Scheme 1, T1 appeared as the only competent reaction intermediate observed by pulse radiolysis. In fact P1, associated with a Fe 3+ -OH 2 or Fe 3+ -OH species, is a reaction product, resulting from the release of H 2 O 2 from the active site. Actually, only one catalytic protonation step (rate constant k 2 ) was observed by pulse radiolysis. Thus, the other protonation process required to generate H 2 O 2 from O 2 •was not observed, and should correspond to a non-rate limiting step. That T1 could be already a protonated species, such as an iron hydroperoxo species and that H 2 O 2 formation might directly result from the protonation of T1 was previously proposed. 20, 39 However, formation of T1, which occurred at a nearly diffusion-controlled rate (≈ 10 9 M -1 s -1 ), was found to be totally independent on pH from pH 5 to pH 10, thus over a variation of 100,000 fold in the concentration of H + in the solution. [18] [19] [20] [21] Consequently, formulation of T1 as a protonated species is questionable.
Formation of the final species for the K48I SOR mutant
The spectrum resulting from the decay of T1 in the K48I mutant was reconstructed at different pHs ( Figure 6 ). At pH 5.6, a spectrum similar to that of P1 was observed, with however only 40 % of the intensity of that of the wt at the same pH. This species in the K48I SOR mutant evolved to an end product, which had similar spectral features than P2, with an intensity about 40 % less than that of the wt at the same pH (data not shown). Surprisingly, when increasing the pH, in the K48I SOR mutant, the intensity of the absorbances of P1 and P2 became smaller and smaller and were almost annihilated at pH 8.5 and above ( Figure 6 ). Pulse radiolysis experiments were then carried out at pH 8.5, where the K48I mutant (8 µM) was reacted with a stoichiometric amount of O 2
•-(8 µM, 12.5 Gy). These conditions allowed recording directly the absorption spectrum of the solution ca. 1 min after the pulse with a classical spectrophotometer. The presence or absence of a catalytic amount of catalase added to the solution before the pulse had no effect on the final absorption spectrum (data not shown). Figure 6 . Absorption spectra at different pHs of the final species for the reaction of the K48I SOR mutant from D. baarsii (100 µM) with O 2 •-(8 µM), generated by pulse radiolysis in the presence of 10 mM formate and 2 mM buffer. Tungsten lamp with a 345 nm cut-off filter, 2 cm path-length cuvette. The spectra were reconstructed at the following pHs and times after the pulse: pH 5.6 and 20 ms (○), pH 7.6 and 500 ms (∆), pH 8.5 and 500 ms (•). The solid line shows the spectrum of the solution at pH 8.5 recorded on a UV-visible spectrophotometer 1 min after the pulse. The inset shows the same spectrum of the solution at pH 8.5 recorded on a UV-visible spectrophotometer 1 min after the pulse, without (solid line) and with treatment with a slight molar excess of K 2 IrCl 6 (dotted line).
The solution thus obtained showed a spectrum identical to that reported in Figure 6 for the species formed at pH 8.5 and at 500 ms reaction time ((•), Figure 6 ). This showed that this spectrum corresponds to that of a stable final species. When the pulsed K48I SOR mutant solution at pH 8.5 was reoxidized ca. 1 min after the pulse with a slight stoichiometric excess of K 2 IrCl 6 , the spectrum showed a strong increase of the band in the 560 nm region. This band was superimposable to that of a solution of K48I mutant active site (8 µM) oxidized by K 2 IrCl 6 at the corresponding pH (Inset of Figure 6 ). Electrospray mass spectra analysis of the K48I SOR mutant after the pulse radiolysis experiment gave a value of 14,010 ± 1 Da for the mass of its polypeptide chain. This value is expected for the K48I SOR mutant, showing that its polypeptide chain was no altered at the end of the reaction. Altogether, these data indicate that the weak or almost absence of the absorbance band at the end of the reaction of the K48I SOR mutant with O 2
•in basic medium did not reflect a degradation of SOR, but the formation of a ferrous iron active site species. In fact, the ferrous iron site has no absorption band in the visible region. 5 Consequently, from the spectra of Figure 6 at pH 5.6, one can calculate that at the end of the reaction of the K48I mutant with O 2
•-
, 40% of the enzyme was oxidized (3.2 µM) and 60% reduced (4.8 µM). At pH 8.5, at the end of the reaction, 85% of the mutant was reduced (6.8 µM) and 15% oxidized (1.2 µM). Then, the higher the pH at which the reaction of the K48I SOR mutant with O 2
•was carried out, the more the SOR iron site ended up on a reduced state, Fe 2+ . Quantification of H 2 O 2 production immediately after the pulse was carried out at pH 8.5 using the leuco crystal violethorseradish peroxidase method. 28 As shown in Table 1 It should be noted that T1 was formed in the same amount in the K48I SOR mutant compared to the wt (Figure 1) . Consequently, the near-absence of the formation of H 2 O 2 at basic pHs cannot be associated with the decrease of the rate constant of the reaction of the mutant with O 2
•-. Altogether, these data show that the K48I mutation has a profound effect on the reaction of SOR with O 2
. Although the K48I mutant does not modify the spectrum of the T1 intermediate and its pH dependent decay (Figures 1 and 2) , in basic medium it does not lead to the formation of the ferric species. Instead, it leads to the formation of a ferrous SOR species, without production of H 2 O 2 . •was generated by pulse radiolysis (10 mM formate, 2 mM Glycine NaOH buffer pH 8.5, 1 mM O 2 ). H 2 O 2 was determined from the oxidation of LCV in the presence of horse radish peroxidise. 28 b Values were corrected from the production of H 2 O 2 formed from the onset of water radiolysis (G ≈ 0.07 µmol J -1 ).
Epoxidation of 2-cyclohexen-1-ol catalyzed by SOR. Evidence for the formation of iron-oxo species in SOR
For the K48I SOR mutant, the formation of a final Fe 2+ species without production of H 2 O 2 , as observed at pH 8.5 ( Figure 6 and Table 1 ), might be the consequence of oxidation of organic solutes present in the solution, formate or buffer, carried out by a transient species formed at its active site. In order to investigate if the K48I SOR mutant could perform such oxidation reactions, we tested its ability to oxidize olefin, 2cyclohexen-1-ol as a test substrate, in the presence of H 2 O 2 at pH 8.5. Oxidation of olefins has been well described to characterize reactions catalyzed by iron complexes, in particular for those forming iron-oxo intermediates. [40] [41] [42] The reaction was conducted at room temperature under anaerobic conditions, in the presence of 5 to 50 molar equivalent of H 2 O 2 and 30 molar equivalent of racemic 2-cyclohexen-1-ol, with respect to SOR ( Table 2 ). In the absence of SOR or in the presence of the wt protein or the E47A SOR mutant, no oxidation products of 2cyclohexen-1-ol were detected ( Table 2 ). On the other hand, in the presence of the K48I SOR mutant and 10 to 50 molar equivalent of H 2 O 2 , 2-cyclohexen-1-ol was oxidized into epoxide, in a 25-30 % yield, assuming a stoichiometric reaction of SOR with the olefin (Table 2) . No other oxidation product, e.g. the ketone 2-cyclohexen-1-one, was detected. The epoxide formed in the presence of the K48I SOR mutant contained a slight diastereoisomer excess of 20 % for the anti isomers, corresponding to the enantiomers (1S, 2R, 6R) and (1R, 2S, 6S) 7-oxabicyclo[4-1-0] heptan 2-ol. When the reaction time was lengthened to 10 min, no variation in the amount of epoxide formed was observed (data not shown), showing that the oxidation reaction was over within 2 min. UV-visible spectral analysis of the solution at 2 min reaction time revealed that the SOR active site got mostly destroyed, whether the olefin was present or not (wt and K48I SOR mutant proteins, Table 2 ). It should be noted that such denaturation processes precluded any possible turn-over reactions in the oxidation of olefin. These data demonstrate that the mutation of lysine 48 into isoleucine leads to new properties of SOR, allowing it to carry out 2eoxidation of organic substrates in the presence of H 2 O 2 . As mentioned previously, the SOR active site is able to form iron peroxide species when treated with an excess of H 2 O 2 . [22] [23] [24] [25] However, that an iron peroxide species in the K48I SOR mutant could be directly involved in the oxidation reaction is unlikely. In fact, such iron peroxide species were shown to be poor oxidant, not prone to carry out oxidation reaction of sulfide and olefin. 40, 41, 43 On the other hand, high-valent iron-oxo species, generated via O-O bond cleavage of the iron-peroxide species in iron complexes, are known to be the active species in the oxidation of organic substrates. [40] [41] [42] [43] These data suggested that in the K48I SOR mutant, the Fe 3+ -O-OH species formed upon reaction with H 2 O 2 undergoes a cleavage of its O-O bond to generate an iron-oxo species. Whether this cleavage could be homolytic or heterolytic to generate Fe(IV)=O + HO • or Fe(V)=O + HOspecies respectively, is still unknown. Nevertheless, our data showed no evidence for the involvement of HO • in the oxidation reaction. As a matter of fact, epoxidation reaction involves an oxygen transfer to a C-C double bond, corresponding to a 2eoxidation. One electron oxidant species such as HO • are not prone to carry out such reaction. In addition, the high chemoselectivity toward epoxidation and the presence of diastereoisomeric excess of the anti isomers are not in favour of a free radical chemistry. Thus, these data indicated for the K48I SOR mutant a metal-based mechanism, possibly an iron-oxo species directly involved in the 2eoxidation of 2-cyclohexen-1-ol. Hence, in the SOR from D. baarsii, the K48I mutation would favour formation of a highly oxidant iron-oxo species in its active site. The demonstration that the K48I SOR mutant can perform oxidation reaction provides an explanation for the formation of a Fe 2+ species without production of H 2 O 2 at the end of the reaction of the mutant with O 2
•-( Figure 6 and Table 1 ). This Fe 2+ species could result from a 2eoxidation reaction of organic solutes present in the solution used in pulse radiolysis, namely formate, tris-hydroxymethyl aminomethane or glycine, carried out by a Fe(IV)=O species formed through homolytic cleavage of an iron peroxide intermediate (Scheme 2). The spectra of the solution were recorded before and after K 2 IrCl 6 treatments, in order to discriminate between reduced SOR, which exhibits an absorbance band in the 560-650 nm regions after oxidation with K 2 IrCl 6 , and degraded SOR, which does not show any increase of absorbance in the 560-650 nm regions after oxidation with K 2 IrCl 6 . Identical results were obtained in the presence or in the absence of 2-cyclohexen-1-ol. 2 Low amounts of epoxide were detected, that could not be accurately quantified. 3 Epoxide formed with a diastereoisomer excess of 20 % for the anti isomers, corresponding to the enantiomers (1S, 2R, 6R) and (1R, 2S, 6S) 7-oxabicyclo[4-1-0] heptan 2-ol.
These data highlight a pivotal role for K48 in the control of the evolution of the reaction intermediate during the reaction of SOR with O 2 •-. This role is in full agreement with the X-ray structures of the iron peroxide species in SOR, which suggests the involvement of K48 in a specific protonation of the proximal oxygen of the iron hydroperoxide intermediate, to generate the reaction product H 2 O 2 . 25 Our data suggest that in the absence of K48, the protonation of the proximal oxygen of the peroxide intermediate does not occur, thus favouring a cleavage of the O-O bond of the iron peroxide intermediate to generate an iron-oxo species. In cytochrome P450, it has been shown that a hydrogen bond network induced a double protonation of the distal oxygen of the iron peroxide intermediate, favouring the cleavage of the O-O bound of the peroxide moiety and formation of the high-valent iron-oxo species (compound 1). 15 That such a double protonation of the distal oxygen of the peroxide might occur in the K48I SOR mutant is not known, but might be considered taking into account the solvent exposed active site of SOR and the presence of water molecule in the X-ray structure of SOR with the peroxide adduct hydrogen bonded to its distal oxygen atom. 25 Other factors, such as the spin state of the iron peroxide species, high spin for SOR 44, 45 or low spin for cytochrome P450, 15 were also proposed to be important to control the evolution of the iron-peroxide intermediate. However, our results provide evidence for the ability to the SOR active site to form iron-oxo species and that the tight control of the protonation of the peroxide intermediate might be the determining factor to avoid formation of such highly oxidizing species. Scheme 2. Proposed mechanism for the reaction of SOR with O 2
•-, involving K48 in the second protonation process. T1 and T2, formulated as ferrous iron-superoxo and ferric iron hydroperoxide species, respectively, are the two reaction intermediates which lead to the formation of H 2 O 2 . T2 decays in a non-rate limiting step involving K48, and it is not observed by rapid kinetic studies.
The first reaction intermediate T1 is a ferrous iron-superoxo species. TD-DFT calculation on its absorption spectrum
Our present data showed that K48 is not involved in the unique protonation step observed by pulse radiolysis ( Figure  2) . These data suggest that K48 is involved in the second protonation step not observed in rapid kinetics. This step would be a fast, non-rate limiting process, leading to the formation of a ferric iron hydroperoxide species, denoted T2 in Scheme 2. The structure of T2 could correspond to the X-ray structure of the iron peroxide intermediate trapped in monomer D in the crystal of SOR from D. baarsii, where a water molecule hydrogen bonded to K48 was closely positioned to the proximal oxygen of the hydroperoxide intermediate. 25 Such conformation could be in agreement with a fast, non-rate limiting protonation process by this water molecule of the hydroperoxide moiety to form H 2 O 2 . That such an instable species was trapped in the crystal could be associated with its stabilisation by the local packing forces. 25 The proposition of two protonation steps following the formation of T1 has also important consequences concerning the chemical structure of T1 (Scheme 2). T1, which resulted from the binding of O 2
•to the sixth free coordination position of the ferrous iron center, has to be now formulated as a nonprotonated species. Consequently, T1 could be either a Fe 3+ -O-Oor a Fe 2+ -O 2
• species, depending on the fact that the electron transfer from the ferrous iron to the O 2
•adduct occurred or not in this non-protonated species. Interestingly, recent theoretical studies on SOR, using a Hubbard U correction to standard DFT calculations, suggested that O 2 •could not be reduced to the peroxide species as a mere consequence of its binding to the active site of SOR. 46 According to ref 46 , the reduction of O 2
•would occur in a later step, assisted by proton transfer. We thus propose T1 as a ferrous iron-superoxo species (Scheme 2). TD-DFT calculations were undertaken in order to investigate if a ferrous iron-superoxo species formed in the active site of SOR could exhibit an absorption band centered around 600 nm, as observed for the T1 intermediate (Figure 1) . The model systems were taken from the crystallographic structure of the wt SOR from D. baarsii at 1.7 Å resolution. 25 To build the systems, only the five amino-acids binding iron were taken into consideration, namely H49, H69, H75, H119 and C116. For the ferrous pentacoordinated state (Figure 7a) , with iron at a formal oxidation degree of +II, quintet spin state (S=2) was found to be the most stable, consistently with previous work. 46 In the optimized structure of the hexacoordinated state ( Figure  7b ), superoxide anion is bound to iron via one oxygen atom. In this second system, quartet and sextet (S = 3/2 and S = 5/2) structures were found to have very similar energies, as previously reported in 46 . We retained the sextet due to a smaller spin contamination. In the hexacoordinated state, superoxide moiety kept its radical characteristics with a total spin population of 1.05, consistently with an active site containing an Fe 2+ -OO • electronic arrangement. No Fe 3+ -OOarrangement could be characterized. Finally, twenty transitions were computed by the mean of the TD-DFT formalism (B3LYP/6-311+G**) for both the structures presented in Figure 7 . The TD-DFT computed spectra are presented in Figure 8 . Three transitions have appreciable oscillator strengths for the ferrous pentacoordinated form and four in the case of the superoxide-bound SOR. The oscillator strengths, the orbitals involved and the attribution of charge transfer were summarized in Supporting Information, Table S1. The two spectra showed a similar band around 350 nm (330 and 370 nm, respectively), attributed to a sulfur to iron charge transfer (Supporting Information Table S1 ). This is in agreement with ref 47, where in the case of reduced of P. furiosus SOR the bands at 31200 and 33900 cm -1 (295 and 320 nm, respectively) were assigned by MCD spectroscopy to a (Cys)S -→ Fe 2+ charge transfer. Addition of the superoxide to the penta-coordinated ferrous form led to two new bands at 614 and 475 nm (Figure 8 ), both attributed to charge transfer to the superoxide ligand. The 614 nm band could be assigned to a ferrous iron to superoxide charge transfer, while the 475 nm band would arise from a sulfur to superoxide charge transfer. This latter band occurred between the lone pair of the sulfur and the π* orbital located on the superoxide ligand. Figure 7 ). Absorbance is given relatively to the highest peak (value of 1).
The experimental spectrum of T1 characterized in the 500-700 nm region (Figure 1) , with a broad band centered around 600 nm fits well with the ferrous iron to O 2
•charge transfer band described by TD-DFT. These data support the proposition of T1 as a ferrous iron-superoxo species, as shown in Scheme 2. Whereas iron ferric-superoxo species as reaction intermediates in some non-heme iron containing oxidase-oxygenases have been spectrocopically characterized, 48, 49 to the best of our knowledge, no spectroscopic characterization for a ferrous iron-superoxo species has been reported to date. In the nonheme Fe 2+ containing homoprotocatechuate 2,3 dioxygenase, one of the reaction intermediate has been proposed to be a Fe 2+ superoxo species, based on X-ray diffraction studies. 50 This intermediate has been proposed to result from a oneelectron transfer from the substrate chelated to the ferrous iron to O 2 , hence forming substrate and oxygen radicals, which further recombine, conducing to oxygen insertion into the substrate. 51 In the case of SOR, the Fe 2+ superoxo species, which results from the binding of O 2
•on the ferrous ion, is not expected to prone such oxidation reactions.
CONCLUSIONS
In this work, we re-investigated the reaction mechanism of the SOR from D. baarsii with O 2
•and focussed on the role of the K48 residue. We propose a new reaction scheme for the catalytic mechanism (Scheme 2), that redefines both the chemical nature of the first reaction intermediate as an unprecedented ferrous iron superoxo species (Fe 2+ -O-O • ) and establishes an essential role for K48 in the control of the evolution of the iron peroxide intermediate to form the reaction product H 2 O 2 . The presence of K48 is shown to be an essential feature to avoid the formation of iron-oxo species, which would be otherwise formed in the SOR active site. SOR catalysis has long been associated with the formation of a ferric iron peroxide intermediate, resulting from an inner sphere reduction mechanism of O 2
•by the ferrous iron. The only catalytic competent reaction intermediate (T1) observed by pulse radiolysis was thus proposed to correspond to such an iron hydroperoxide species, which was further protonated to form H 2 O 2 . In fact, one protonation step was observed by pulse radiolysis following the formation of T1 and appeared to be consistent with such a reaction scheme. [18] [19] [20] Our present results support a reformulation of the chemical nature of the T1 intermediate. We showed that although the K48I mutation had no effect on T1 and on its protonation, it dramatically modified the reaction products, with no production of H 2 O 2 and formation of a SOR ferrous form instead of a ferric one. In agreement with the recent X-ray structures of the peroxide intermediates trapped in a SOR crystal 25 and with the evidence that the K48I SOR mutant can form iron-oxo species (see below), our data strongly suggest that K48 is involved in a second protonation step, that is not observed in pulse radiolysis. This implies that T1 must be formulated as an unprotonated species, possibly a ferrous iron-superoxo species formed after the fast binding of O 2
•on the ferrous iron. This is in agreement with recent theoretical calculations on SOR, which suggested that the electron transfer from the ferrous iron to O 2
•to form the ferric iron peroxide intermediate is dependent on a further protonation on the O 2
•moiety. 46 Our TD-DFT calculations fully supported this hypothesis in that the calculations showed that such a ferrous iron superoxo intermediate would present a broad absorption band at 614 nm, which is very similar to the spectrum of T1 observed by pulse radiolysis. This absorption band was assigned to a ferrous iron to O 2
•charge transfer and, to our knowledge, an absorption band for such an iron species has never been described in the literature. Characterization of a ferrous ironsuperoxo intermediate species is unprecedented in metalloenzymes. According to our new reaction scheme (Scheme 2), the ferrous iron-superoxo intermediate is protonated by H + from the bulk to form a second reaction intermediate, the ferric iron hydroperoxide species. This second reaction intermediate does not accumulate because, as suggested by the X-ray structure of monomer D, 25 the hydrogen bond network involving K48 positions a water molecule in close proximity to the proximal oxygen of the iron hydroperoxide, allowing a very fast and pH-independent protonation process to generate H 2 O 2 . Thus, the new proposed reaction mechanism of SOR with O 2
•involves two reaction intermediates, a ferrous iron superoxo and a ferric iron hydroperoxide species (Scheme 2). In this reaction mechanism, the specificity of the protonation of the iron hydroperoxide intermediate appears to be a key step for the SOR activity. This is illustrated by the fact that the K48I SOR mutant exhibits a new catalytic property, and is able to carry out a 2eoxidation of olefin in the presence of H 2 O 2 to form epoxide. These data strongly support the fact that the active site of the K48I SOR mutant forms a high valent iron-oxo species, which is directly responsible for the 2 eoxidation of olefin. Such formation of a high valent ironoxo species is also fully consistent with the effect of the K48I mutant on the reaction of SOR with O 2
•-
, as observed by pulse radiolysis. These data suggest that in the absence of the K48 residue, the iron peroxide intermediate evolves toward a cleavage of its O-O bond to form an iron-oxo species. This is in agreement with the absence of a specific protonation of the proximal oxygen in the K48I SOR mutant, as illustrated by the X-ray structure of the iron peroxide intermediates. 25 Then, these data highlight a pivotal role of K48 in SOR catalysis, which allows for a tight control of the evolution of the iron peroxide intermediate toward the formation of H 2 O 2 . Though it was proposed that a high-spin state was a determining factor to favour the cleavage of the iron-peroxide Fe-O bond to generate H 2 O 2 , 44, 45 
